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ABSTRACT 


Analysis  of  aerial  photographs  of  a  number  of  sea 
surface  dye  tracer  experiments  has  revealed  two  features 
of  the  surface  circulation:  (1)  a  modified  Ekman-type 
drift  current,  and  (2)  a  system  of  helical  current  vor¬ 
tices  having  axes  which  are  horizontal  and  nearly  parallel 
to  the  wind.  These  data  also  indicate  that  there  is  a 
strong  correlation  between  wind,  sea  state,  and  the  devel¬ 
opment  of  a  patch  of  dye.  This  suggests  that  such  factors, 
rather  than  random  eddies,  may  be  of  paramount  importance 
to  the  spreading  of  a  contaminant  at  the  sea  surface. 
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INTRODUCTION 

Studies  of  turbulent  diffusion  and  local  circulation 
in  harbors,  estuaries  and  rivers  have  been  facilitated  in 
recent  years  by  the  use  of  fluorescent  dye  tracers  (Prit¬ 
chard  and  Carpenter,  I960).  A  program  was  begun  at  Lamont 
Geological  Observatory  in  I960  to  apply  these  techniques  to 
the  study  of  circulation,  mixing  and  diffusion  in  the  open 
ocean.  Experiments  have  been  made  in  a  number  of  off-shore 
areas  by  introducing  liquid  rhodamine  dye  at  the  sea  sur¬ 
face  and  measuring  dye  concentrations  in  the  resulting  dye 
patch  with  a  sensitive  fluorometer  aboard  an  underway  re¬ 
search  vessel  (Costin  et  al,  1963).  In  the  early  experiments 
dye  was  either  pumped  onto  the  surface  or  simultaneously  at 
many  levels.  More  recently,  dye  releases  have  been  made  by 
dropping  13-gallon  plastic  carboys  filled  with  liquid  dye 
from  the  air.  These  dye  "bombs"  shatter  upon  impact  with 
the  surface,  producing  initially  identical  dye  patches  which 
closely  approximate  instantaneous  point-source  releases  in 
the  upper  few  meters. 

Whenever  possible,  aerial  photographs  of  the  dye  patches 
have  been  taken  to  aid  in  the  later  analysis  and  construction 
of  contours  of  dye  concentration.  These  photographs  were 
made  using  a  23-A  Kodak  Wratten  filter  (blocking  wave  lengths 
shorter  than  the  emission  spectrum  of  rhodamine  dye,  thus 
making  the  dye  appear  light  in  a  dark  background)  with  high 
speed  black  and  white  panchromatic  film.  For  oblique  photo- 
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graphs  a  Polaroid  filter  is  also  used.  (For  details  see 
R.  Llnf ield ,  1964.) 

More  than  1300  vertical  and  oblique  aerial  photographs 
are  available  for  thirty-eight  dye  experiments  made  in 
various  areas  more  than  8  km.  from  shore  and  in  depths  ex¬ 
ceeding  15  meters.  Examination  of  these  photographs  dis¬ 
closes  large-scale  features  common  in  varying  degree  to 
nearly  all  surface  patches,  which  are  not  revealed  in  the 
analysis  of  the  shipboard  data. 

In  an  attempt  to  organize  these  observations  we  have 
found  that  the  main  features  of  dye  patch  appearance  and 
development  may  be  arranged  systematically  with  respect  to 
wind  speed  and  sea  state.  Table  I  is  the  result  of  this 
synthesis  ana,  although  preliminary,  shows  important  rela¬ 
tionships  between  the  spread  of  a  contaminant  or  artificial 
tracer  and  natural  conditions  at  the  sea  surface. 

ELONGATION  AND  CURVATURE 

The  most  striking  and  recurrent  features  of  ocean  dye 
patterns  are  curvature  and  elongation.  Thirty-two  of  the 
dye  patches  exhibited  a  marked  tendency  to  elongate  and  to 
assume  a  comet-like  appearance  with  curved  tenuous  tails. 

In  all  but  two  of  these  the  direction  of  curvature  from 
head  to  tail  was  cum  sole .  Figure  1  illustrates  this  char¬ 
acteristic  pattern. 

In  waters  that  are  shallow  enough  for  bottom  effects 
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Figure  1 

Experiment  of  October  19,  1961, 
conducted  in  the  New  York  Bight,  19  km  from  shore 

The  ship  has  just  completed  a  run  down  the  long  axis 
of  the  dye  patch  and  can  be  seen  on  the  right  about  to  re¬ 
enter.  In  its  passage  through  the  patch  it  has  stirred  up 
dye  in  the  tail  portion  on  the  left  and  clear  water  in  the 
head  portion  on  the  right.  The  water  depth  was  60  meters 
and  the  wind  speed  3  m/sec. 
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to  appear  at  the  surface,  a  cum  sole  rotating  tidal  current 
could  give  rise  to  the  type  of  curvature  seen  in  the  dye 
patches.  In  the  ideal  case,  a  curved  tail  resulting  from 
rotary  tidal  current  would  begin  to  "shrink'’1  after  a  half- 
tidal  cycle.  Only  one  of  the  experiments  has  given  any  in¬ 
dication  that  this  might  have  happened,  while  curvature  has 
frequently  been  observed  in  water  too  deep  (In  one  case,  900 
meters)  for  bottom  effects  to  influence  the  surface  layers. 

It  can  be  shown  that  the  depth  of  the  layer  of  dyed 
water  increases  towards  the  more  tenuous  tail  portion  of  the 
dye  patch.  This  is  illustrated  in  Figure  1,  where  the  ship 
(whose  draft  is  approximately  3  meters)  In  its  passage  along 
the  axis  of  the  dye  patch  has  stirred  up  dye  in  the  tail 
portion  on  the  left  and  clear  water  in  the  head  portion  on 
the  right.  This  characteristic  sloping  distribution  of  the 
dye  has  also  been  observed  by  divers.  These  features  sug¬ 
gest  that  the  comet-like  development  of  the  dye  patches  Is 
the  result  of  shearing  between  horizontal  layers,  in  which 
each  layer  is  moving  slower  and  in  a  direction  slightly  cum 
sole  with  respect  to  the  layer  above.  Superficially,  this 
pattern  resembles  the  classic  Ekman  spiral.  Figure  2  shows 
how  this  type  of  current  system  would  modify  the  shape  of 
a  vertical  column  of  dye  in  a  time  interval  from  T]_  to  T2. 

If  the  cum  sole  curvature  is  the  result  of  the  Coriolis 
effect,  the  resulting  patterns  of  dye  patches  in  the  Southern 
Hemisphere  should  appear  as  mirror  images  of  those  In  the 


Figure  2 

An  idealized  model  showing  the  way  a  classical 
Ekman-type  drift  current  in  the  Northern  Hemisphere 
would  distort  a  column  of  dye  which  initially  extended 
vertically  downwards  from  the  surface. 


DYE  PATCH  (T2) 


SHADOW  OF  PATCH 


WIND 


DYE 

COLUMN  ( T, ) 


FIGURE  2 


Northern  Hemisphere. 

Six  experiments  were  conducted  in  the  Southern  Hemi¬ 
sphere  off  the  Argentine  coast  near  Mar  del  Plata  (latitude 
38°S)  with  the  cooperation  of  the  Hydrographic  Service  of 
the  Argentine  Navy.  Five  of  the  resulting  dye  patches  de¬ 
veloped  tails  with  cum  sole  curvature,  while  one  developed 
no  tail  at  all.  In  the  latter  case  a  tail  was  beginning  to 
form,  but  stopped  when  the  wind  underwent  an  abrupt  90° 
change  in  direction. 

Figure  3  is  a  composite  photograph  of  two  dye  patches 
oriented  so  that  the  wind  direction  (arrow)  is  common.  The 
photograph  on  the  left  was  made  in  the  Northern  Hemisphere 
and  is  typical  of  many  experiments  made  off  the  east  coast 
of  the  United  States.  The  photograph  on  the  right  shows 
one  of  the  Argentine  experiments.  From  these  observations 
there  is  little  doubt  that  the  dye  curvature  is  related  to 
the  earth's  rotation,  as  suggested  by  Gerard  and  Katz  (1963) 
and  Faller  (1964).  There  is,  however,  great  variability  in 
the  observed  rate  of  elongation  and  degree  of  curvature. 

Under  the  conditions  imposed  by  an  Ekman-type  current 
system,  a  vertical  column  of  dye  would  tend  to  elongate  more 
rapidly  than  a  patch  restricted  to  the  surface  layers.  Our 
experiments  confirm  that  for  a  given  set  of  conditions,  when 
dye  is  introduced  simultaneously  at  many  levels,  the  rate  of 
elongation  is  greater  than  in  those  cases  where  the  dye  is 
introduced  at  only  one  level  at  or  below  the  surface.  However, 
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Figure  3 


A  composite  photograph  of  two  dye  experiments 

The  one  on  the  left  was  made  near  40°  North  latitude 
on  May  5,  1964  in  the  New  York  Bight,  16  km  from  shore  in 
water  28  meters  deep  with  wind  of  4  m/sec;  and  that  on  the 
right  was  made  near  38°  South  latitude  on  July  27,  1964, 

47  km  off  the  Argentine  coast  in  water  80  meters  deep  with 
wind  of  5  m/sec.  The  arrow  indicates  wind  direction.  For 
these  photographs  the  scales  and  the  time  after  release  of 
the  dye  are  different. 
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in  a  number  of  experiments  where  the  depth  and  method  of 
dye  release  were  the  same,  the  rate  of  elongation  varied 
considerably.  Some  patches  attained  lengths  of  the  order 
of  a  kilometer  in  about  an  hour,  while  others  have  taken 
three  or  four  hours  to  reach  lengths  of  a  few  hundred  meters. 

According  to  Ekman’s  theory,  the  magnitude  of  the  cur¬ 
rent  at  depth  z  is  given  by: 


=  JVSJ  exp(-  "ffz  ) 


D  «Yr/2Nz 
T“ 


where  vs  is  the  magnitude  of  the  surface  current;  f  =  2w  sint) 
is  the  Coriolis  parameter;  and  Nz,  the  vertical  eddy  viscosity, 
is  a  measure  of  the  efficiency  of  vertical  momentum  exchange. 

D  has  the  dimensions  of  a  length  and  turns  out  to  be  the  depth 
at  which  vp  is  directed  opposite  to  vg  and  where: 


M  =e-*'{ 


=  0.043 


v< 


D  is  thus  considered  to  be  the  depth  of  penetration  of  the 
wind-induced  current. 

The  difference  in  magnitude  between  the  surface  current 
and  the  current  at  depth  z  can  be  written: 


q(Z)  =  |vsj[l  -  exp(-  J^-  z)]. 


Since  D  increases  and  q(z)  decreases  with  increasing  Nz,  we 


can  see  that  increased  vertical  turbulence  has  the  effect  of 
spreading  the  Ekman  spiral  through  a  greater  depth.  Thus, 
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according  to  Ekman’s  model,  the  rate  of  elongation  should 
depend  on  both  the  wind  speed  and  the  efficiency  of  vertical 
exchange  of  momentum,  which  in  the  surface  layers  depends 
primarily  on  the  wind  and  waves.  Analysis  of  our  data  indi¬ 
cates  that,  under  conditions  of  moderate  winds  and  light  seas, 
the  dye  resides  in  the  upper  few  meters  and  long  curved  tails 
develop  quickly,  whereas  under  rougher  conditions  tails  de¬ 
velop  either  slowly  or  not  at  all.  This  suggests  that,  while 
increased  wind  and  roughness  causes  greater  shearing  stress 
at  the  surface  and  greater  vertical  penetration  of  the  dye, 
both  of  which  would  tend  to  enhance  elongation,  they  also 
cause  a  decrease  in  the  vertical  component  of  the  velocity 
gradient  which  retards  elongation.  Of  these  two  effects, 
the  latter  is  more  important. 

The  amount  of  curvature  observed  depends  upon  the  ratio 
d/D,  where  d  is  the  depth  to  which  the  dye  can  be  seen.  D, 
and  to  some  extent  d,  depend  on  Ns,  which  in  the  surface 
layers  is  strongly  influenced  by  the  wind  and  waves.  Thus, 
it  might  be  expected  that  under  similar  conditions  of  wind, 
sea,  and  method  of  dye  release,  the  amount  of  curvature  should 
be  about  the  same.  In  fact,  the  observed  curvature  varies 
greatly,  from  barely  perceptible  to  an  overall  turning  through 
nearly  90  degrees;  although  there  seems  to  be  a  tendency  to¬ 
wards  greater  curvature  under  calmer  conditions.  It  is  be¬ 
lieved  that  these  differences  may  be  related  to  difference 
in  the  stratification  of  the  water  column  and  to  differences 
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in  the  way  Nz  varies  with  depth.  Ichiye  (1964)  has  shown 
that  for  Nz  decreasing  exponentially  with  depth,  the  curva¬ 
ture  will  be  greater  near  the  surface. 

Occasionally,  in  the  early  stages  of  an  experiment  when 
the  wind  is  slight  (less  than  5  m/sec)  and  the  sea  calm  (less 
than  state  2),  dye  patches  exhibit  a  sharp  cum  sole  bend  be¬ 
tween  the  head  portion  and  the  tail  portion.  This  bend  fre¬ 
quently  coincides  with  a  line  of  discontinuity  across  the  dye 
patch  in  which  the  apparent  concentration  decreases  sharply 
towards  the  tail.  In  such  cases  the  head  portion  slowly 
elongates  parallel  to  the  wind  but  exhibits  no  curvature, 
while  the  tail  portion  elongates  more  rapidly  and  curves 
slightly.  It  is  evident  from  the  photographs  that  the  dyed 
water  comprising  the  tail  is  sheared  from  the  bottom  of  the 
head  portion,  whose  depth  is  on  the  order  of  one  meter.  Fi¬ 
gure  4  shows  such  a  boundary  condition  at  an  early  stage, 
one  hour  after  release  of  the  dye. 

Ekman  (1927)  noted  that  certain  data  in  the  atmosphere 
could  be  better  reconciled  with  theory  by  disregarding  the 
lowest  few  meters  of  air  in  which  the  eddy  viscosity  is  con¬ 
sidered  to  be  much  reduced  and  by  assuming  a  uniform  eddy 
viscosity  over  a  fictitious  ground  which  is  in  motion.  In 
other  words  that  the  classical  Ekman  layer  slips  over  a  thin 
layer  in  which  the  change  of  velocity  with  height  is  prooor- 
tional  to  the  velocity,  regardless  of  the  Coriolis  effect; 
and  the  velocity  immediately  above  this  !skin  layer”  is  in 


Figure  4 


Experiment  of  October  17,  1961, 
conducted  in  the  New  York  Bight, 

13  km  from  shore  in  water  27  meters  deep 

The  discontinuity  between  the  head  and  tail  portions 
of  the  dye  patch  is  the  curved  line  separating  the  large, 
high  concentration  region  on  the  left  from  the  small,  more 
tenuous  tail  on  the  right.  The  tail  eventually  grew  to  be 
nearly  twice  as  long  as  the  head.  This  photograph  was 
taken  one  hour  after  release  of  the  dye. 
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the  same  direction  as  the  stress  at  that  level.  He  further 
proposed  that  similar  skin  layers  also  exist  at  the  sea 
bottom  and  on  either  side  of  the  air-sea  interface. 

The  discontinuity  zones  seen  in  the  dye  patch  photo¬ 
graphs  with  their  associated  sharp  bends  could  be  explained 
by  a  similar  assumption,  if  the  skin  layer  were  turbulent 
(i.e.  having  a  very  high  vertical  eddy  viscosity  so  that 
the  shear  in  this  layer  is  much  reduced).  A  body  of  dyed 
water  moving  within  such  a  layer  would  exhibit  no  curvature 
and,  because  of  the  reduced  shear,  would  elongate  relatively 
slowly.  The  curved  tail  would  result  from  dye  which  had 
penetrated  below  the  skin  layer  into  the  underlying  drift 
current  (either  during  introduction  or  subsequently  by  dif¬ 
fusion)  and  would  have  the  appearance  of  being  sheared  from 
the  bottom  of  the  head  portion. 

RIBS 

Superposed  on  the  form  of  a  dye  patch,  there  is  fre¬ 
quently  a  pattern  of  parallel  ribs  aligned  nearly  parallel 
to  the  wind  direction.  Under  high  wind  and  sea-state  con¬ 
ditions  they  protrude  like  fingers  (Figure  5)  and  sometimes 
give  the  appearance  of  being  arranged  in  two  or  more  layers. 
It  is  rarely  possible  to  trace  an  individual  rib  across  the 
dye  patch.  When  ribs  appear  under  calm  conditions,  their 
widths  and  spacings  are  quite  uniform-  under  rough  conditions 
there  is  some  variability,  but  the  widest  is  rarely  as  much 
as  twice  the  width  of  the  narrowest.  The  width  of  the  ribs 


Figure  5 

Experiment  of  October  30,  1961, 
conducted  in  the  New  York  Bight, 

19  km  from  shore  in  water  60  meters  deep 

The  pattern  typical  of  dye  patches  under  moderate  to 
rough  seas  and  winds  of  8  m/sec  or  greater.  The  dye  was 
released  at  4  meters  depth.  The  photograph  was  taken 
1  1/2  hours  after  release.  About  1/2  hour  later  a  cum 
sole  curved  tail  began  to  develop  slowly,  but  it  never 


achieved  any  great  length. 
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increases  with  greater  wind  speed  and  also  appears  to  be 
related  to  the  depth  distribution  of  the  dye.  Figure  6 
shows  a  number  of  observations  of  rib  width  plotted  against 
wind  speed.  A  curve  from  Faller  and  Woodcock  (196*1)  is 
also  plotted,  representing  the  empirical  relationship 
(L  =  W  x  4.8  sec)  between  wind  speed  W  in  meters  per 
second  (plotted  in  the  Beaufort  scale)  and  the  spacing  L 
in  meters  of  windrows  of  Sargassum  observed  on  the  sea 
surface . 

In  four  of  our  experiments  paper  cards  (used  computer 
cards)  were  dropped  near  the  dye  patches.  In  all  cases 
the  cards  moved  away  from  the  dye  in  the  direction  towards 
which  the  wind  was  blowing  and  at  a  greater  speed  than  the 
dye.  When  dropped  on  the  windward  side  of  a  dye  patch, 
they  moved  through  it.  The  cards  always  formed  into  paral¬ 
lel  rows  aligned  with  the  dye  patch  ribs  and  with  a  spacing 
about  the  same  as  rib  width.  Faller  (1964)  has  found  that 
windrows  are  deflected  slightly  to  the  right  of  the  wind, 
the  average  angle  being  13  ±  2.0  degrees.  In  four  out  of 
six  experiments  where  smoke  generators  were  used  on  the 
sea  surface  to  indicate  wind  direction,  the  dye  ribs  showed 
a  similar  angle. 

There  is  evidence  that  the  observed  rib  pattern  shows 
a  rapid  response  to  changes  in  wind  direction.  This  is 
illustrated  by  one  experiment  off  the  Argentine  coast 
during  which  there  was  a  change  in  wind  direction  of  70° 
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FIGURE  6 
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within  a  half  hour,  during  which  time  the  velocity  remained 
constant  at  5  m/sec.  The  initial  rib  pattern,  consisting 
of  three  large  ribs,  was  broken  up  during  the  wind  change, 
and  a  larger  number  of  smaller  ribs  developed,  aligned  with 
the  new  wind  direction.  Similar  results  have  been  observed 
in  an  experiment  in  the  New  York  Bight . 

While  it  is  evident  that  the  ribs  align  with  the  wind 
direction  in  the  manner  of  windrows,  the  mechanism  for  this 
phenomenon  is  not  fully  understood.  One  suggested  cause  of 
the  ribs  is  the  rolling~up  of  water  particles  by  wave  action, 
as  suggested  by  Costin  et  al  (1963)  and  discussed  by  Ichiye 
et  al  (196*1)  with  regard  to  work  done  by  Hama  (1962). 

In  a  small  number  of  experiments,  in  addition  to  ribs 
there  have  appeared  bands  in  the  dye  patch  which  were  dif¬ 
ferent  in  character  from  the  ribs.  These  bands  were  roughly 
parallel  to  the  swell  crests  and  were  two  to  three  times 
wider  and  less  distinct  than  the  ribs.  Such  bands  appear 
to  be  caused  by  wave  action;  but  since  they  occur  at  various 
angles  to  the  rib  pattern,  the  latter  must  have  a  different 
origin. 

Langmuir  (1938)  discussed  surface  streaks  of  floating 
debris  and  oil  that  were  observed  to  line  up  parallel  to 
the  wind  in  numerous  experiments  at  sea  and  on  Lake  George, 
New  York.  These  respond  quickly  to  large  abrupt  changes 
in  wind  direction,  becoming  realigned  within  a  matter  of 
minutes.  He  attributed  these  streaks  to  convergences  caused 
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by  alternating  left  and  right  helical  current  vortices 
having  horizontal  axes  parallel  to  the  wind.  The  maximum 
velocity  is  in  the  direction  of  the  wind  and  occurs  on  the 
surface  in  the  convergences.  Langmuir  obtained  results 
which  indicate  that  the  helical  vortices  extend  down  to 
the  thermocline  and  that  they  are  instrumental  in  its  for¬ 
mation.  Other  observers  (Stommel,  1951)  suggest  that  they 
are  confined  to  the  top  meter  or  less.  Streaks  of  this 
type  were  also  discussed  by  Woodcock  (1944),  Dietz  and 
LaFond  (1950) ,  Wellander  (1963),  and  Ichiye  (1964).  The 
streaks  range  in  width  from  several  centimeters  to  several 
meters.  The  curve  in  Figure  6  gives  the  relationship  be¬ 
tween  wind  speed  and  windrow  spacing  found  by  Faller  and 
Woodcock  (1964),  but  not  all  observations  reported  by 
others  fit  the  curve,  possibly  because  there  are  usually 
smaller,  less  developed  windrows  between  the  more  prominent 
ones . 

Wellander  (1963)  and  Ichiye  (1964)  independently  pro¬ 
posed  a  dynamic  theory  for  the  formation  of  cellular  cur¬ 
rent  structure  by  differential  surface  wind  stress  due  to 
variations  in  sea  surface  roughness.  Faller  (1964)  Indicates 
that  the  cellular-type  current  structure  might  be  the  result 
of  instability  in  the  Ekman  boundary  layer,  which  he  obser¬ 
ved  earlier  in  rotating  tank  experiments  (Faller,  1963). 

The  above-mentioned  studies  indicate  that  the  wind  will 
cause  a  cellular  motion  in  the  surface  layers  with  align- 
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ment  parallel  to  the  wind  direction.  Our  results  indicate 
that  the  rib  pattern  observed  in  dye  experiments  is  a  re¬ 
sponse  to  Langmuir  vortices  in  a  manner  analagous  to  wind¬ 
rows  . 

CONCLUSIONS 

The  above  discussion  has  dealt  with  the  effects  of 
ambient  conditions  on  the  spreading  of  a  dye  patch.  Table  I 
illustrates  the  results  of  an  attempt  to  correlate  dye  patch 
development  with  wind  speed  and  sea  state  in  areas  of  suf¬ 
ficient  depth  and  remoteness  from  the  coast  so  that  bottom 
and  shoreline  effects  are  negligible.  The  effects  of  method 
of  release  have  been  taken  into  account  in  compiling  the 
table,  but  the  possible  effects  of  density  stratification 
have  been  omitted  for  the  present,  since  these  data  are 
incomplete.  In  general,  the  table  shows  that,  as  the  wind 
velocity  and  sea  state  Increase,  the  rate  of  elongation 
decreases  and  the  depth  of  penetration  increases. 

The  fact  that  90%  of  our  results  from  various  oceanic 
areas  can  be  fitted  into  such  a  simple  table  indicates  that 
the  spreading  of  a  contaminant  at  the  sea  surface  is  not  a 
wholly  random  process,  but  is  strongly  Influenced  by  ambient 
conditions.  Experiments  in  very  shallow  or  near-shore  areas 
have  not  produced  results  consistent  with  Table  I.  Of  four¬ 
teen  dye  experiments  made  on  the  Bahama  Banks,  four  have 
exhibited  the  ribbed  features  and  none  have  developed  curva¬ 
ture.  It  is  expected  that  additional  data  will  enable  re- 
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finements  of  Table  I,  which  might  be  enlarged  to  include 
estimates  of  the  rate  of  horizontal  and  vertical  spread  of 
the  dye  under  widely  varying  conditions. 

Our  ability  to  predict  the  motion  of  any  body  of  con¬ 
taminated  water  in  the  sea  will  be  determined  by  our  know¬ 
ledge  of  oceanic  circulation.  We  have  shown  that,  on  a 
smaller  scale,  the  spreading  of  this  body  will  be  influenced 
by  local  conditions.  The  rate  of  decay  of  the  contaminant 
will  then  be  dependent  on  this  spreading  and  on  diffusion 
by  eddies  much  smaller  than  the  patch  of  contaminant.  It  is 
believed  that  continued  efforts  to  correlate  the  spreading 
and  decay  of  artificial  tracers  to  ambient  conditions  will 
further  our  understanding  of  oceanic  circulation  and,  ulti¬ 
mately,  enable  us  to  predict  the  behavior  of  a  fluid  con¬ 
taminant  introduced  into  the  sea  surface. 
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